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DOI: 10.1039/c0ce00589dA series of dinuclear, trinuclear and tetranuclear lanthanide complexes, formulated as
[Nd2(Acc)6(H2O)4]3 [Nd2(Acc)6(H2O)6]$Cl24$8H2O (1), [Dy2(Acc)4(H2O)8]$Cl6$5.89H2O (2),
[Ln3(Acc)10(H2O)6]$(ClO4)9$4H2O (Ln ¼ La, (3); Nd, (4)) and [Ln4(m3-OH)4(Acc)6(H2O)7(ClO4)]
$(ClO4)7$11H2O (Ln ¼ Dy, (5); Yb, (6)), have been synthesized through the reaction of 1-amino
cyclohexanel-carboxylic acid (Acc) and LnCl3/Ln(ClO4)3. Crystal structure analysis reveals that
complexes 1 and 2 show dinuclear lanthanide cluster, complexes 3 and 4 have three lanthanide ions with
a linear arrangement, while complexes 5 and 6 exhibit a cubane-like [Ln4(m3-OH)4]
8+ (Ln¼Dy and Yb)
cluster core. Their structural variations are attributed to the effect of anions and lanthanide
contraction. Magnetic studies indicate that the Dy2 and Dy4 clusters exhibit slow relaxation of
magnetization.Introduction
Polynuclear lanthanide clusters have attracted increasing interest
because of their appealing structures, interesting properties, and
their potentially useful applications.1–3 Recently, a most notable
development in this area was the observation of single-molecule
magnet (SMMs) behaviour in 4f-based polynuclear
compounds.4–8 Due to the large intrinsic magnetic anisotropy of
the lanthanide ions such as DyIII, TbIII and HoIII, these 4f metal-
based compounds can show slow strong magnetic relaxation,9–12
which is an important character of SMMs. However, only few 4f-
based polynuclear clusters exhibit slow magnetic relaxation
behaviour owing to the difficulty in promoting magnetic inter-
actions between the 4f orbitals of lanthanide ions and the
bridging ligand orbitals.9,10 Thus, the ligand is one of the
important factors for building 4f complexes with this property.
Up to now, Schiff-based ligands have been studied most exten-
sively and few carboxylate ligands have been investigated.9
Utilizing a-amino acid and nicotinic acid as supporting
ligands, we have discussed the influences of pH conditions,
synthetic procedures and anion template on the formation of
lanthanide clusters, respectively.13,14 As an expansion of our
studies, based on the 1-amino cyclohexanel-carboxylic acid
(Acc) ligand, we report herein a series of dinuclear, trinuclear
and tetranuclear lanthanide clusters, formulated asState Key Laboratory of Physical Chemistry of Solid Surface and
Department of Chemistry, College of Chemistry and Chemical
Engineering, Xiamen University, Xiamen, 361005, China. E-mail:
xjkong@xmu.edu.cn; lslong@xmu.edu.cn.; Fax: +86 592 218 3047
† Electronic supplementary information (ESI) available. CCDC
reference numbers 791391–791396. For ESI and crystallographic data
in CIF or other electronic format see DOI: 10.1039/c0ce00589d
2084 | CrystEngComm, 2011, 13, 2084–2090[Nd2(Acc)6(H2O)4]3[Nd2(Acc)6(H2O)6]$Cl24$8H2O (1),
[Dy2(Acc)4(H2O)8]$Cl6$5.89H2O (2), [Ln3(Acc)10(H2O)6]$
(ClO4)9$4H2O (Ln ¼ La, (3); Nd, (4)) and [Ln4(m3-OH)4(Ac-
c)6(H2O)7(ClO4)]$(ClO4)7$11H2O (Ln ¼ Dy, (5); Yb, (6)),
through the reaction of different anions and lanthanide ions.
Structural analysis reveals that their structural differences are
attributed to the effect of lanthanide contraction and the
different anion, although the anions acts as non-template action.
Notably, AC susceptibility measurements reveal that the Dy2
and Dy4 clusters exhibit slow relaxation of magnetization.
Experimental
Materials and methods
All reagents were of commercial origin and were used as received.
Aqueous solutions of lanthanide perchlorates were prepared by
digesting lanthanide oxides in concentrated perchloric. A suit-
able concentration was achieved by dilution of the concentrated
solution with deionized water. The C, H and N microanalyses
were carried out with a CE instruments EA 1110 elemental
analyzer. The infrared spectrum was recorded on a Nicolet
AVATAR FT-IR360 Spectrophotometer with pressed KBr
pellets. TGA curve was prepared on a SDT Q600 Thermal
Analyzer. Magnetic susceptibility was measured by a Quantum
Design MPMS superconducting quantum interference device
(SQUID).
Synthesis
[Nd2(Acc)6(H2O)4]3[Nd2(Acc)6(H2O)6]$Cl24$8H2O (1). 0.717 g
(2.0 mmol) NdCl3$6H2O and 0.143 g (1.0 mmol) 1-amino-






























































View Onlinedemineralized water. This solution was stirred at room temper-
ature while a freshly prepared NaOH solution (aq. 1.0 M) was
added dropwise to the point of incipient but permanent precip-
itation. The mixture was then maintained stirred for 2 h, and then
filtered. Evaporation of the filtrate under ambient conditions
within two months afforded 132 mg pink block-shaped crystals
of 1 in about 54% yield (based on Acc). Anal. calcd (found) for 1,
C168H364Cl24N24Nd8O74(%): C 34.14, H 6.21, N 5.69; found: C
34.44, H 6.22, N 5.64. IR (KBr, cm1): 3441 (s), 2934 (m), 1642
(s), 1500 (s), 1417 (s), 1384 (s), 665 (w).
[Dy2(Acc)4(H2O)8]$Cl6$5.89H2O (2). This compound was
prepared using the same procedure as described above for the
synthesis of its Nd(III) cognate, but using 0.753 g (2 mmol)
DyCl3$6H2O in place of NdCl3$6H2O. The 244 mg product was
obtained as block-shaped colourless crystals in about 66% yield
(based on Acc). Anal. calcd (found) for 2, C28H76Cl6Dy2N4O20
(% based on 4 guest water molecules): C 25.35 (25.62), H 5.77
(5.69), N 4.22 (4.27). IR (KBr, cm1): 3416 (s), 2930 (s), 1676 (s),
1637 (s), 1505 (s), 1424 (s), 1384 (s), 1152 (m), 672 (m), 566 (m).
[La3(Acc)10(H2O)6]$(ClO4)9$4H2O (3). 2.0 mL La(ClO4)3 (1.0
mol L1, 2.0 mmol) and 0.143 g (1.0 mmol) 1-amino-
cyclohexanecaboxylic acid were dissolved in 5.0 mL demineral-
ized water. This solution was stirred at about 80 C while
a freshly prepared NaOH solution (aq. 1.0 M) was added
dropwise to the point of incipient but permanent precipitation.
The mixture was maintained under reflux for 2 h, and then was
filtered while hot. Evaporation of the filtrate under ambient
conditions within two months afforded 149 mg colourless block-
shaped crystals in about 51% yield (based on Acc). Anal. calcd
(found) for 3, C70H156Cl9La3N10O69 (% based on 7 guest water
molecules): C 28.23(28.17), H 5.28(5.07), N 4.70(4.64). IR (KBr,
cm1): 3416 (s), 2931 (s), 1654 (s), 1501 (m), 1406 (m), 1144 (s),
1115 (s), 1089 (w), 628 (m).
[Nd3(Acc)10(H2O)6]$(ClO4)9$4H2O (4). This compound was
prepared using the same procedure as described above for the
synthesis of 3, but using Nd(ClO4)3 (2.0 mmol) in place of
La(ClO4)3. The 153 mg product was obtained as pink block-
shaped crystals in about 52% yield (based on Acc). Anal. calcd
(found) for 4, C70H156Cl9Nd3N10O69(% based on 7 guest water
molecules): C 28.08(28.15), H 5.25(5.48), N 4.68(4.72). IR (KBr,
cm1): 3462 (s), 3218 (s), 2930 (s), 1660 (s), 1594 (m), 1460 (m),
1404 (s), 1092 (s), 755 (w), 627 (m).
[Dy4(m3-OH)4(Acc)6(H2O)7(ClO4)]$(ClO4)7$11H2O (5). This
compound was prepared using the same procedure as described
above for the synthesis of 3, but using Dy(ClO4)3 (2.0 mmol) in
place of La(ClO4)3. The 202 mg product was obtained as col-
ourless block-shaped crystals in about 45% yield (based on Acc).
Anal. calcd (found) for 5, C42H118Cl8Dy4N6O66(% based on 15
guest water molecules): C 18.22 (18.35), H 4.59(4.31),
N 3.03(2.98). IR (KBr, cm1): 3433 (s), 2930 (m), 1628 (s), 1384
(s), 1121 (s), 1108 (s), 1089 (m), 633 (m).
[Yb4(m3-OH)4(Acc)6(H2O)7(ClO4)]$(ClO4)7$11H2O (6). This
compound was prepared using the same procedure as described
above for the synthesis of 3, but using Yb(ClO4)3 (2.0 mmol) inThis journal is ª The Royal Society of Chemistry 2011place of La(ClO4)3. The 191 mg product was obtained as col-
ourless block-shaped crystals in about 42% yield (based on Acc).
Anal. calcd (found) for 6, C42H118Cl8N6O66Yb4 (% based on 15
guest water molecules): C 17.94(17.70), H 4.52(4.21), N
2.99(2.85). IR (KBr, cm1): 3423 (s), 2936 (m), 1635 (s), 1424 (m),
1384 (s), 1144 (s), 1121 (s), 1091 (s), 627 (m).
Single-crystal X-ray structure determination. Data collections
were performed on an Oxford Gemini S Ultra CCD area detector
at 173 K for complexes 1–6. Absorption corrections were applied
by using the multi-scan program CrysAlis Red. The structures
were solved by direct methods, and non-hydrogen atoms were
refined anisotropically by least-squares on F2 using the
SHELXTL-97 program,14 except for 11 atoms for 1, 35 atoms for
2, 1 atom for 3, 1 atom for 4, 22 atoms for 5 and 2 atoms for 6
were refined isotropically due to disorder. The hydrogen atoms
of the organic ligand were generated geometrically (C–H,
0.96 A). Crystal data as well as details of data collection and
refinement for the complexes are summarized in Table 1.Results and discussions
Description of crystal structures
[Nd2(Acc)6(H2O)4]3[Nd2(Acc)6(H2O)6]$Cl24$8H2O (1). Crystal
structural analysis reveals that 1 consists of three types of dinu-
clear lanthanide clusters, uncoordinated Cl anions and guest
water molecules. As shown in Fig. 1, three type of Nd2 units
(namely I, II and III) have similar coordinated mode, contains
two Nd3+ centers, six Acc and aqua ligands. Type I of the Nd2
unit contains two different but symmetrically equivalent Nd3+
centers, and the Nd1 center is nonacoordinated, featuring
coordination by four oxygen atoms from two carboxylate groups
in chelating mode, three oxygen atoms from three carboxylate
groups in unidentate mode and two aqua ligand (Fig. 1a). In the
type II of the Nd2 unit (Fig. 1b), there are two different Nd
3+
centers, Nd2 and Nd3. Nd3 has the same coordination mode
with Nd1 center, while Nd2 is octa-coordinated with only one
carboxylate groups showing chelating mode. While, all the
carboxylate groups in type III units displays unidentate coordi-
nation mode (Fig. 1c), resulting all the Nd3+ centers are octa-
coordinated, which is analogous to the reported Nd–complex.15
So, adjacent Nd3+ ions are linked by two carboxylate groups in
m2:h
1:h1 fashion and two carboxylate groups in m2:h
2:h1 fashion
in type I units, three carboxylate groups in m2:h
1:h1 fashion and
one carboxylate group in m2:h
2:h1 fashion in type II units, while
four carboxylate groups in m2:h
1:h1 fashion in type III units. It is
noted that the type I and type III Nd2 units lie about inversion
centres. The Acc ligands exist in the zwitterionic form in 1–6.
Notably, the six guest Cl anions acting as proton acceptors are
hydrogen-bonded to six NH3 group of Acc ligands, forming the
cage-like Cl6(NH3)6 cluster, as shown in Fig. S1.† Six Cl
 anions
and four water molecules and two NH3 groups of Acc ligands
generate [Cl6(NH3)6(H2O)4] cluster. The bond lengths of Nd–O
range from 2.391(4) to 2.717(5) A, comparable to those in the
reported Nd–complex.15
[Dy2(Acc)4(H2O)8]$Cl6$5.89H2O (2). Complex 2 crystallizes in





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































6+ moieties in the asymmetric unit. As shown
in Fig. 2a, each Dy central in complex 2 locates in the center of
a square antiprism geometry and is octa-coordinated by four
aqua ligands and four oxygen atoms from four Acc ligands in
unidentate mode. Symmetrically equivalent Dy3+ centers are
linked by four carboxylate groups in m2:h
1:h1 fashion. As shown
in Fig. 2b, a nanocage is formed by packing of 12 [Dy2(Ac-
c)4(H2O)8]
6+ units, through hydrogen-bonding. Guest Cl anions
are hydrogen-bonded to NH3 group of Acc ligands and water
molecules. The bond lengths of Dy–O range from 2.261(8) to
2.457(11) A, comparable to those in the reported Dy–complex.16
The Dy/Dy distance is 4.4947(9) A.
[La3(Acc)10(H2O)6]$(ClO4)9$4H2O (3) and [Nd3(Ac-
c)10(H2O)6]$(ClO4)9$4H2O (4). Crystal structural analysis
reveals that 3 consists of a trinuclear [La3(Acc)10(H2O)6]
9+
cluster, nine ClO4
 anions and four guest water molecules. As
shown in Fig. 3, three La3+ ions display linear geometry, in which
La1 and La3 are octa-coordinated and La2 is nonacoordinated.
La1 is coordinated by three aqua ligands and five oxygen atoms
from five Acc ligands in unidentate mode, the coordination
environment of La2 is similar to La1, except for one of Acc
ligand provide carboxylate group in chelating fashion. While
eight Acc ligands afford eight oxygen atoms in unidentate mode
coordinated to La3. The bond lengths of La–O range from
2.406(3) to 2.702(3) A, comparable to those in the reported La–
complex.17 Compound 4 is isomorphous to 3. The bond lengths
for Nd–O range from 2.365(7) to 2.680(6) A, comparable to
those of reported for Nd–complex.15
[Dy4(m3-OH)4(Acc)6(H2O)7(ClO4)]$(ClO4)7$11H2O (5) and
[Yb4(m3-OH)4(Acc)6(H2O)7(ClO4)]$(ClO4)7$11H2O (6). As
shown in Fig.4, the cationic cluster of 5 has a distorted cubane-
shaped core of [Dy4(m3-OH)4]
8+. The four components metal
atoms form a nearly perfect tetrahedron with each of the edges
bridged by a carboxylate group of the Acc ligand. Dy2, Dy3 and
Dy4 ions are each octa-coordinated with contributions from
three m3-OH, three O atoms each from a different Acc ligand, and
two terminal aqua ligands. Dy1 has the similar coordination
geometry, except for one terminal aqua ligand replaced by one
ClO4
. The coordination geometry may be described as a dicap-
ped trigonal prism. The metric ranges of Dy–O bonds and Dy/
Dy separations are 2.251(6)–2.766(6) A and 3.7485(6)–3.8517(6)
A, respectively, both similar to the corresponding values
reported for cluster complexes containing the same [Dy4(m3-
OH)4]
8+core.18
Compound 6 is isomorphous with 5, the main differences
being the metric values of bond lengths and angles. The ranges
for Yb–O bonds and Yb/Yb separations are 2.215(4)–2.846(4)
A and 3.6813(3)–3.7752(3) A, respectively, both within the
ranges reported for similar [Yb4(m3-OH)4]
8+ core-containing
cluster complexes.19Anion and effect of lanthanide contraction on the structure of
complexes 1–6
Crystal structural analysis reveals that dinuclear lanthanide
clusters 1 and 2 were synthesized through the reaction of 1-amino
cyclohexanel-carboxylic acid (Acc) and LnCl3. Linear trinuclearThis journal is ª The Royal Society of Chemistry 2011
Fig. 1 Ball and stick plot showing the three type of dinuclear Nd units in 1, type I(a), II(b) and III(c). (Symmetry transformations; A 1  x, 1  y, z.)































































View Onlinelanthanide clusters 3 and 4 were obtained through the reaction of
Acc ligands with lighter lanthanides perchlorates (Ln(ClO4)3,
Ln ¼ La, Nd), while cubane-like tetranuclear clusters 5 and 6
were formed from the reaction of Acc ligands with heavier
lanthanides perchlorates (Ln(ClO4)3, Ln ¼ Dy, Yb). These
results suggest that both the anions and lanthanide contraction
play an important role in the formation of lanthanide clusters.20
It is interesting to observe that the non-template anion has
significant effect on the formation of polynuclear lanthanide
complexes, although the anion template effects have been
established in the assembly of polynuclear lanthanide
complexes.2,13,20 Upon closer examination of the structure of 1
and 2, it becomes apparent that the uncoordinated Cl anions
not only act as counterion, but also act as proton acceptor to
form strong hydrogen bonding with N atom from Acc ligands.
However, unlike Cl anion, the ClO4
 in 3 and 4 does not form
strong hydrogen bond, and the ClO4
 in 5 and 6 also coordinates
to Dy3+ or Yb3+, revealing that the hydrogen bonding of anion
and the coordination ability of the anion has a dramatic influence
on the assembly of polynuclear lanthanide complexes.
The Lewis acidity of the Ln3+ ions increases as decreasing the
radii of Ln3+ ions.20 Based on the theory of HSAB (Hard and Soft
Acids and Bases), the ClO4
 tend to coordinate with the Ln3+
ions with harder Lewis acidity. Thus, the ClO4
 only acts as
counterion in presence of La3+ ions in 3 and Nd3+ ions in 4, while
one ClO4
 also coordinate to Dy3+ ions in 5, Yb3+ ions in 6. Their
structural variations are attributed to the effect of lanthanide
contraction.Fig. 2 Ball and stick plot showing the [Dy2(Acc)4(H2O)8]
6+ units
This journal is ª The Royal Society of Chemistry 2011Magnetic properties
The temperature dependence of magnetic susceptibility of 2 and
5 were measured in the temperature range of 2.0 to 300 K with an
applied magnetic field of 1000 Oe. As shown in Fig. 5, the
observed cMT values of 26.06 cm
3 mol1 K at 300 K for 2
correspond to the expected value of 28.34 cm3 mol1 K for two
uncoupled Dy3+ ions (S ¼ 5/2, 6H15/2, g ¼ 4/3). Upon cooling
from 300 to 2 K, the cMT values gradually decreases to 20.04 cm
3
mol1 K. The cMT value at 2 K almost equals to twice cMT value
of an isolated mononuclear Dy complex at low temperatures,20,21(a) and cage by packing of 12 [Dy2(Acc)4(H2O)8]
6+ units(b).
CrystEngComm, 2011, 13, 2084–2090 | 2087
Fig. 4 Ball and stick plot showing the [Dy4(m3-OH)4(Acc)6(H2O)7-
(ClO4)]
7+ units of 5.
Fig. 5 Plots of cMT vs.T and cM
1 vs. T of 2(a) and 5(b).






























































View Onlineindicating the magnetic properties of 2 are the single-ion
behaviour of the Dy3+ ions. The decrease in cMT with decreasing
temperature is ascribes to the thermal depopulation of excited
Stark sublevels of the Dy3+ ions.
The cMT of 54.78 cm
3 mol1 K at 300 K for 5 is close to the
expected value of 56.68 cm3 mol1 K for four uncoupled Dy3+
ions (S ¼ 5/2, 6H15/2, g ¼ 4/3).20 The cMT values of 5 gradually
decreases until 50 K and then quickly decreases to 25.54 cm3
mol1 K at 2 K. Comparing with the cMT value of 2, we found
that the cMT value of 5 is much lower than twice the cMT value
of an isolated mononuclear Dy complex at 2 K, suggesting
antiferromagnetic coupling between Dy3+ ion in 5.21 Thus, the
decrease in cMT of 5 with decreasing temperature is ascribes to
a combination of the antiferromagnetic interaction between the
Dy3+ ions and the thermal depopulation of excited Stark
sublevels.10,21,22 A fit of the experimental data to a Curie–Weiss
law above 10 K leads to Curie and Weiss constants of 26.50 cm3
mol1 K and 4.78 K for 2, 56.30 cm3 mol1 K and 8.22 K for
5, respectively.2088 | CrystEngComm, 2011, 13, 2084–2090The field dependence of magnetization is shown in Fig. 6. The
magnetization at 2 K firstly increases rapidly below 1.6 T and
then slowly increases almost linearly without saturation at 7 T.
The maximum values for M are 10.68 (for 2) and 22.85mB (for 5)
at 7 T, which is consistent with the expected value of 2  5.23mB
and 4  5.23mB for two and four uncorrelated Dy3+ ions with
a value of 5.23mB per Dy
3+ ion.4,10,22,23 Indeed, the values are
lower than the expected saturation value of 20 and 40mB (10mB
for each Dy3+ ion) for 2 and 5. The lack of saturation on the M vs.
H data at 2 K suggests the presence of a significant anisotropy
and/or low lying excited states in agreement with weak intra-
complex interactions which is already suggested by the cMT vs. T
data and the small Weiss constants.
In order to probe the dynamics of these systems, ac suscepti-
bility measurements have been performed. As shown in Fig. 7
and Fig. 8, the two Dy complexes display a frequency dependent
out-of-phase signal, indicating the slow magnetization relaxa-
tion. Because no maximum of c0 0 was observed, characteristic
relation time of the system was not obtained. Although such ac
signals are observed above 2 K, no hysteresis is noticed in the
graph of M vs. H (ESI, Fig. S3 and S4).† The M vs. H/T data
measured in different magnetic fields (inset Fig. 7 for 2 and inset
Fig. 8 for 5) show non-superposition, suggesting the presence of
a significant magnetic anisotropy and/or low lying excited states.
For 2 (Dy2), the slow magnetic relaxation may results from the
single-ion behaviour of the Dy3+ ion, comparable to the reported
Dy2 complexes.
21 The single-ion slow relaxation stems from
a highly anisotropic ground state mainly arising from the strong
spin–orbit coupling.24 In addition, the ligand-field effect and
local symmetry also play an important role in the single-ion slow
relaxation behaviour, for example, the non-strict D4d local
symmetry may introduce a transverse component of the anisot-
ropy, which gives rise to the mixture of the degenerated states.25
For 5 (Dy4), the Dy–O–Dy angles in the cubane cores have an
influence on the magnetic exchange coupling, because that the
local tensor of anisotropy on each Dy ions and their relative
orientations may affect the molecular anisotropy and hence lead
to magnetisation relaxation,22 although the intra/inter cubane
interactions are expected to be very weak. The Dy–O–Dy angles
are in range 101.6(2)–109.9(2), which are very close to those of
the reported Dy4 cubane-like compounds exhibited slow
magnetic relaxation.22This journal is ª The Royal Society of Chemistry 2011
Fig. 7 Temperature dependence of the in-phase (a) and out-of-phase (b)
ac susceptibilities at the indicated frequencies for 2. Inset: M vs. H/T plots
measured in different fields below 5 T.
Fig. 8 Temperature dependence of the in-phase (a) and out-of-phase (b)
ac susceptibilities at the indicated frequencies for 5. Inset: M vs. H/T plots































































A series of dinuclear, linear trinuclear and cubane-like tetranu-
clear lanthanide complexes have been isolated. Although acting
as non-template action, the anion plays an important role in theThis journal is ª The Royal Society of Chemistry 2011formation of lanthanide clusters. Together with the investigation
of effects of lanthanide contraction on the assembly of the
lanthanide clusters, present work may be helpful to our rational
design and assembly of polynuclear lanthanide complexes.
Magnetic investigations show that the magnetic properties of 2
result from the single-ion behaviour of the Dy3+ ion, while the
antiferromagnetic coupling exist between the Dy3+ ion in 5. AC
susceptibility measurements indicate that 2 and 5 exhibit slow
relaxation of magnetization.
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